Differences in the degree of disintegration after cooking were studied in three potato cultivars: Kita-akari, May Queen, and Hokkaikogane. Although the degree of disintegration increased with increase in the starch content in these cultivars, there were even differences in cultivars with identical starch content. For example, at 16%, the disintegration in Kita-akari, according to the standard grades for breeding, was "moderate-complete;" that of May Queen, "moderate;" and that of Hokkaikogane, "none." Microscopic observations showed that cell separation had occurred in the disintegrated tissues and that the separated cells were full of swollen-gelatinized starch after cooking. Analysis of the starch distribution within a tuber, from the skin to the pith, revealed that cells with a high-starch content appeared in the area outside the vascular ring in Kita-akari but around the ring in Hokkaikogane. The cell size and intercellular space were larger in Kita-akari than in the other two. The results suggest that these structural differences may be one cause of the difference in degree of disintegration among these three cultivars with the same starch content.
Texture is an important quality of cooked potatoes. Many studies have suggested that the texture is the result of many factors, including starch content (Barrios et al., 1963; Burton, 1989; Storey & Davies, 1992) , cell size (Barrios et al., 1963; Linehan et al., 1968; Hoff, 1972) , cell-wall composition (Hoff, 1973; Sato et al., 1998) , starch swelling pressure (Hoff, 1972; Jarvis et al., 1992; Shomer, 1995a; 1995b) , and the breakdown of the cellwall middle lamella (Hughes et al., 1975; Burton, 1989; Marle et al., 1994) during cooking. Therefore, it is not easy to provide a simple guide for predicting the texture of a cooked potato. Among these factors, the specific gravity of tubers and the degree of disintegration after cooking have often been correlated, particularly within one cultivar (Burton, 1989; Storey & Davies, 1992) . This relationship has proved to be the most practical for predicting disintegration degree in potatoes (Burton, 1989) .
The starch content, which is calculated from the specific gravity of a single tuber, is frequently used in Japan by processing industries or in catering institutions and breeding studies as a guide for predicting the degree of disintegration. More information is needed in addition to starch content, however, to make such predictions, particularly since differences in the disintegration occur among cultivars with the same amount of starch (Ohara et al., 1997) . There has been little information to date about other factors that relate to the Japanese cultivars. Our current research has focused on the factors related to disintegration in each cultivar. In this study, we selected three cultivars that are commonly boiled in Japan and which exhibit varying degrees of disintegration, and examined them looking other factors involved in the disintegration. We focused on the morphological properties of the disintegration and then analyzed the distribution of the starch content within a tuber and the structure of tissues and cells in raw tubers.
Materials and Methods
Potatoes Tubers of three cultivars, Kita-akari, May Queen, and Hokkaikogane, were grown in a field at the Department of Upland Agriculture, harvested in early September 1998, and stored at 4˚C and 90-95% relative humidity after curing for two weeks at 15˚C. We selected 100 to 120 g of tubers from each cultivar and measured the starch content of each individual tuber at a water temperature of 20˚C using a potato gage (DPG-0.3K, Asahikawa Keiryo, Asahikawa), which calculates the starch content from the specific gravity. We divided the tubers into categories at increments of 0.5% according to their starch.
Cooking The tubers were hand-peeled, cut lengthwise into halves, and boiled in distilled water (two tubers, i.e., four pieces in 800 ml) for 20 min.
Estimation of the disintegration Within one hour of cooking, the degree of disintegration was estimated visually. The potatoes were assigned to one of six grades by the standard method of the breeding study. The six grades of disintegration are "none," "none-slight," "slight," "moderate," "moderate-complete," and "complete."
Analysis of breaking stress The breaking stress (N/m 2 ) of the boiled tubers in the central area between the bud and stem ends was determined using a Rheoner Yamadwen, Tokyo) . For analysis, the boiled tubers were immediately placed in distilled water (20˚C) for one hour prior to the measurement. A cylindrical plunger (3 mm diameter) attached to the instrument was inserted into the boiled tubers from the cut surface to a depth of 10 mm at a speed of one mm/s. The measured positions were 10 mm beneath the skin (i.e., the outer regions) and at the center of the pith (i.e., the center regions). The measurements were made in triplicate.
Microscopy All microscopic observations were done in the central area between the bud and stem ends of each tuber, excluding areas near eyes. For light microscopy, raw tubers were cut lengthwise in half, and the longitudinal sections from the skin to the pith (approximately 1.5¥1.5 cm square, 2 mm thick) were then taken from the central area. The sections were fixed with 2% paraformaldehyde buffered in 0.1 M sodium cacodylate (pH 7.2) for four hours and dehydrated through a graded ethanol series (50%, 70%, and 90% for 1 h each and 100% overnight). The materials were embedded in (hydroxyethyl-) methacrylate Technovit 7100, according to the protocol of the manufacturer (Heraeus Kulzer, Wehrheim, Germany). After being embedded, the materials were placed in plastic embedding molds, and 1 ml of Hardener II was added per 15 ml of Technovit, resulting in a polymerization reaction. The blocks were cut into 3 m sections using a HM355 rotary microtome (MICROM Laborgerate GmbH, Walldorf, Germany). The sections were stained for 1 min with a solution of 1% toluidine blue in distilled water. Samples were examined under a light microscope (BX60, Olympus, Tokyo) and photographed at a magnification of ¥200. One hundred parenchyma cells, each from the outer region (outer storage parenchyma; approximately the 4-mm outer layer from the vascular ring) and the inner region (inner storage parenchyma; approximately the 10-mm inner layer from the ring), were randomly selected. Their diameters and the diameters and number of starch grains in the cells were measured.
For cryo-scanning electron microscopy, raw tubers were cut lengthwise into halves. Small pieces from just inside the vascular ring (approximately 2¥2 mm square; 4 mm depth from the first cut-surface) were then taken from the central area between the bud and stem ends. They were mounted on specimen holders for freeze-fracture with the first cut-surface up and rapidly freezefixed in liquid nitrogen. The samples were set into a cryo-scanning electron microscope system (model JSM-840A; JEOL, Tokyo), fractured in the upper surface, and etched for 10 min at -105˚C. They were then covered with platinum-carbon and observed with an accelerating voltage of 5 kV at -150˚C. The intercellular space per unit area was calculated from the photographs using an image scan.
Results and Discussion
Estimation of the disintegration of cooked tubers The relationship between the starch content and the degree of disintegration after cooking is shown in Fig. 1 for each of the three cultivars. In all three, the degree of disintegration increased with an increase in starch content, however, there were differences when the degrees were compared among cultivars with the same amount of starch. For example, at 16%, the degree of Kita-akari was "moderate-complete;" that of May Queen was "moderate;" and that of Hokkaikogane was "none." Many studies have shown that there is a good correlation between specific gravity and mea- Fig. 1 . Relationship between the starch content and the degree of disintegration of three potato cultivars after cooking. Six categories were used to label the degree of disintegration: 0, none; 1, none-slight; 2, slight; 3, moderate; 4, moderate-complete; and 5, complete. Values are the means of three replicates. liness (Barrios et al. , 1963; Burton, 1989; Taguchi et al. , 1991) . The results in this study also confirm that there is a good correlation between the starch content and the degree of disintegration; however, when comparing cultivars, it is necessary to identify factors other than starch content that affect disintegration.
To understand the morphological properties of the disintegration, we observed cooked tubers using a light microscope. Cell separation occurred in the disintegrated tissues of the tubers with a "complete" disintegration from all three cultivars. Figure 2 represents the appearance of disintegrated tissues in Kita-akari. The separated cells were full of a swollen gelatinized starch (Fig. 2-B) . Staining with a cellulose-specific fluorophore, calkofluorowhite, showed that the cellulose of the cell wall still retained the gelatinized starch within the individual cells (Fig. 2-C) . The most remarkable cell separation took place in the regions just under the skin to the vascular ring in Kita-akari, while in the region close to the vascular ring in May Queen and Hokkaikogane. From these results, it would appear that the disintegration was mainly caused by cell separation, which was brought about by the conditions applied in this study. The tubers in the "complete" category of disintegration did not show cell breakage, except in the cells from the side of the potato that had been cut. Nonaka (1980) found that, when potatoes were steamed for a longer period of time, cell separation increased, and cell breakage was likely to occur. Although the prolonged cooking time might have caused more cell breakage and starch extrusion in these cultivars, our focus was on the disintegration, as described above.
We next measured the breaking stress of the cooked tubers using a Rheoner to determine the consistency of the outer and center regions. The breaking stresses of the outer regions were low, and those of the center regions were high in all three cultivars, indicating that the tissues of the outer regions were soft and those of the center regions were firm. Kita-akari had the most significant difference in the breaking stress of the outer and center regions, around 2.5-fold, compared to those of May Queen and Hokkaikogane, which were 1.5-and 1.3-fold, respectively (data not shown). We cut the tubers in half and then boiled them, so that the effect of heat penetration in both the outer and center parts may have been similar in all three cultivars. Therefore, these results suggest that there are some structural and/or compositional differences among the cultivars which affect the consistency of the tuber.
Distribution of the starch content in one tuber Distribution of the starch content in one tuber is shown in Fig. 3 . In Kitaakari, the highest value of starch content was shown in the region just under the skin. The value then decreased abruptly from the skin to the pith parenchyma (Fig. 3-A) . On the other hand, in Hokkaikogane, the highest value was shown in the area around the vascular ring and decreased gradually toward the pith (Fig. 3-C) . The rate of decrease in the starch content in Kita-akari was high, and the difference in the maximum and minimum was about 16%, while May Queen and Hokkaikogane showed a lower rate of decrease than Kita-akari with a difference of about 12%. Generally, the largest amount of starch is found in the cells close to the vascular system, a smaller amount is present in the cortex, and the smallest amount develops in the pith (Lisinska & Lesczynski, 1989) . The three cultivars used in this study also had a similar tendency for the starch contents of the outer regions to be high and to decrease toward the pith regions; however, the ways in which they changed were different for each cultivar, as were the results of the consistency analysis described above. The results suggest that these differences between cultivars in starch distribution within a single tuber are one cause of the difference in disintegration in cooked tubers.
Structure of tissues and cells close to the vascular rings
We examined the structure of tissues and cells close to the vascular rings of the raw tubers. The observations of cell size, number of starch grains, and starch grain sizes in the cells are summarized in Table 1 . Kita-akari had the largest cells, with a diameter of 223 m, followed in order by May Queen and Hokkaikogane, with diameters of 198 and 174 m. Kita-akari was approximately 20% larger in diameter, which indicated a cell volume 2-fold or more those of the other cultivars. Larger cells would have a smaller area of intercellular contact. Linehan et al. (1968) showed a negative correlation between intercellular adhesion and cell size with 25 varieties. The fact that the cells of Kita-akari were the largest may be responsible for its having the highest degree of disintegration. The cells of Kita-akari had the largest number of starch grains in the outer and inner rings, while Hokkaikogane had the smallest number. Also, the grains in Hokkaikogane were small in the outer vascular ring, especially when compared with those of Kita-akari and May Queen, which had similar grain sizes in both the outer and inner rings. The distribution of starch grain observed in each cultivar reflects the distribution of the starch content described above. Along with the light microscopy of cooked potatoes, these results indicate that the regions that disintegrated the most were consistent with those having the highest starch content; in Kita-akari, the high-starch region was under the skin to the vascular ring, while in May Queen and Hokkaikogane, it was close to the vascular ring. These structural properties are related to the differences in disintegration behavior of the three cultivars.
Cryo-scanning electron microscopy close to the vascular rings is shown in Fig. 4 . In this observation, the focus was on the intercellular space, which is difficult to observe clearly by light microscopy. The areas with large ice-crystals were vacuoles in the cells (Fig. 4, marked V) , and the cells contained several starch grains surrounded with amyloplast membranes (Fig. 4 , marked S). The cells of Kita-akari were large, rough, and out of alignment with each other, indicating that these structures form several intercellular spaces (Fig. 4-A, arrows) . The cells of Hokkaikogane and May Queen, in contrast, were aligned in an orderly fashion and had few intercellular spaces (Fig. 4-B, -C, arrows) . Computer calculations from the samples showed that the intercellular spaces per unit area of Kita-akari were the largest, 3.09%, followed in order by May Queen and Hokkaikogane, 2.00 and 0.41%. These results also indicate that Kita-akari has a structure in which cells are easily separated by intracellular pressure, which would result from starch gelatinization, and by breakdown of the middle lamella of cell walls during cooking. Jarvis et al. (1992) reported that the starch swelling pressure is large enough to separate potato cells when the middle lamella has been weakened by pectin degradation. To understand how the starch itself and factors related to cell cohesion cause differences in the degree of disintegration, we compared the properties of the starch and pectin substances in the three cultivars. The results will be reported in the next paper of this series.
In this study, the differences in starch distribution and tissues structure were shown to be possible contributors to the differences in the degree of disintegration among three cultivars with an identical starch content. In addition to these results, further studies on other factors related to the disintegration of potato tissue in various cultivars may provide useful information for predicting the degree of disintegration that can be expected in Japanese cultivars.
